Droplet-based (digital) microfluidics has been demonstrated in many lab-on-a-chip applications due to its free crosscontamination and no dispersion nature. Droplet manipulation mechanisms are versatile, and each has unique advantages and limitations. Recently, the idea of manipulating droplets with light beams either through optical forces or light-induced physical mechanisms has attracted some interests, since light can achieve 3D addressing, carry high energy density for high speed actuation, and be patterned and dynamically reconfigured to generate a large number of light beams for massively parallel manipulation. This paper reviews recent developments of various optical technologies for droplet manipulation and their applications in lab-on-achip.
Introduction
Microfluidic devices promise a broad range of biomedical and chemical applications due to their potentials of small volume requirement, short analysis and diagnostic time, high sensitivity, and high throughput analysis [1] [2] [3] . Recently, particular attention has been paid to droplet-based (digital) microfluidic devices since droplets isolated in immiscible oil or air can be free from cross-contamination and dispersion [4] . Numerous droplet-based applications including protein crystallization [5, 6] , polymerase chain reaction (PCR) [7, 8] , enzyme kinetic assays [3, 9] , and synthesis of organic molecules or nanoparticles [10, 11] have been demonstrated.
Droplet manipulation mechanisms that have been investigated cover a broad range of physical principles, including electrowetting on dielectric (EWOD) [12, 13] , dielectrophoresis (DEP) [14, 15] , thermocapillary force [16, 17] , surface acoustic wave [18] , magnetic force [19, 20] , and optical forces [21] . In recent years, many light-driven droplet actuation mechanisms have been demonstrated, aiming to provide more functionalities, flexibility, lower cost, and higher throughput droplet manipulation tools or platforms [22, 23] .
In general, optical-based droplet manipulation technologies can provide several unique advantages. First, light can be patterned and reconfigured to provide dynamic images, which in turn provides dynamic control of the triggered physical mechanisms without using complex control circuitry on chip. Millions of optical pixels can be readily generated by commercial spatial light modulators such as a LCD or DMD display to provide control of millions of electrodes in parallel on a low-cost and disposable device. Second, some optical methods can provide 3D manipulation of droplets since light can be propagated and focused in free space without needing any media. The energy can be delivered to any arbitrary locations in space to trigger an event.
This paper reviews optical manipulation mechanisms that have been utilized for manipulating droplets. A brief comparison of these technologies is summarized in Table 1 .
Optical Droplet Manipulation Technologies
Light-driven droplet manipulation technologies are in general based on three basic concepts: (1) direct optical forces, (2) opto-electrical, and (3) optothermal. the energy transduction pathways of mechanisms that have been applied for droplet manipulation. The principles, applications, and limitations of these mechanisms will be discussed in the following sections.
Droplet Actuation Using Direct Optical Forces.
Optical tweezers is an useful technology in several fields of physics, chemistry, and biology [24] . It has been applied to trap, transport, pattern, and sort microscopic objects ranging from dielectric particles, viruses, living cells, bacteria, and small metal particles [24] [25] [26] [27] [28] [29] [30] [31] . Two different types of forces are involved in optical manipulation. Scattering forces generate forces on particles in the light beam propagation direction [32] , while gradient forces attract particles to regions of high intensity [24] . Since an optical force is typically in the range of pN, only small size of droplets can be effectively manipulated.
Optical Levitation.
Optical levitation is a method using a lightly focused light beam to irradiate an aerosol droplet and create a scattering force to balance the gravitation force of the droplet [33] [34] [35] . The size of suspended droplets is in the range of tens of micrometers. This technique has been used in measuring the droplet size and phase in thermodynamic equilibrium, which is controlled by temperature, composition of atmospheric aerosols, and relative humidity [36, 37] .
Optical Tweezers and Optical Vortex Traps.
A tightly focused laser beam is used to generate large gradient force to form a stable trap for an aerosol droplet smaller than 10 μm in diameter, and prevent external perturbation from gas flow or collision of other aerosols [38] . The enhanced droplet position stability can provide excellent signal-to-noise ratio in data acquisition in short timescales. This gradient force of the optical tweezers can be expressed by [31] 
where c/n is the light speed in the medium, Q is the dimensionless trapping efficiency, and P is the power of the incident light. Figure 2 shows a typical experimental setup of an optical tweezers system for trapping dual aerosol droplets in gas [39] . An intense laser beam is focused through a high N.A objective lens to maximize the gradient force for optical trapping in a specially designed cell. Aerosols are generated from an ultrasonic nebulizer and introduced into the cell. The relative humidity is controlled by the flow rate of humidified nitrogen gas into the cell.
Magome et al. has demonstrated droplet trapping in air using optical tweezers [40] . The size and compositions of trapped droplets can be investigated using droplet cavity enhanced Raman spectroscopy (CERS) [41, 42] . This technique has shown that the droplet volume is preserved with extremely high precision when undergoing coagulation. Leonardo et al. have used optical trapping to study the Brownian dynamics of a water droplet, whose displacement is determined by the viscosity of the gas phase and the optical power for trapping [43] . Reid's group has studied extensively the relative humidity effects on the equilibrium droplet size, thermodynamic properties of an aerosol, chemical compositions, and coagulation using optical tweezers and Raman spectroscopy [44, 45] . Holographic optical tweezers was also utilized to create multiple optical traps to manipulate an array of aerosol droplets in air and characterize the coagulation and mixing of multiple aerosols [21, 46] .
Optical trapping using a strongly focused laser beam with a Gaussian profile allows trapping high refractive index objects (n o ) in a low refractive index medium (n m ) such as beads or cells dispersed in an aqueous buffer or aqueous droplets in air. However, optical trapping of aqueous droplets dispersed in immiscible oil, which is a situation commonly used in digital microfluidics, cannot be achieved with this simple Gaussian beam, since the refractive index of water is lower than that of oil (n water < n oil ). The optical gradient force repels an oil-immersed water droplet, instead of trapping it.
To overcome this issue, Gahagan and Swartzlander have demonstrated three-dimensional trapping of low-index particles in water using a single dark optical vortex laser beam [47, 48] . Instead of using Gaussian beam profile, optical vortex traps are based on the ring-shaped laser beam profile with a dark core in the focal point ( Figure 3 ). Optical gradient force pushes a low-index particle away from the region of high light intensity. As a result, the ring-shaped laser beam forms a potential barrier and trap a low-index particle at the dark core, where a net force of all gradient forces is zero [49] . Compared to optical tweezers, optical vortex trapping provides several advantages. First, it enables a stable optical trap of low-index particles such as water droplets dispersed in oil. Second, the potential barrier created by an optical vortex trap allows isolating a single droplet from potential contamination from other droplets. Utilizing the optical vortex trapping technique, Chiu's group has demonstrated optical manipulation of femtoliter volume droplets immersed in oil such as droplet trap, fusion, and dynamic control of concentrations of dissolved species [50, 51] .
Optothermal Droplet Actuation.
Optics has been commonly used as heating sources in many biomedical and manufacturing areas [65] . Recently optothermal effects have been applied in manipulating droplets in digital microfluidics. Compared to direct optical forces, optothermal mechanisms could provide much larger forces to allow faster droplet manipulation in high-throughput applications.
Optothermal Capillary.
The Marangoni effect is a phenomenon of liquid movement induced by surface tension difference. Thermocapillary is the Marangoni effect associated with surface tension difference induced by temperature gradient. This thermocapillary phenomenon was first investigated by Young et al. who observed air bubble motion in silicone oil induced by temperature gradient [66] . In an unconfined fluid, thermocapillary migration speed, U Th , of a droplet can be expressed by [67] 
where R is the droplet radius, μ o and μ i are the shear viscosity, and Λ o and Λ i the thermal conductivities of the fluid inside and outside the droplet. The thermocapillary migration speed is proportional to droplet size (R), the ratio of change of surface tension with temperature (∂σ/∂T), and temperature gradient (∇T). It is noted that when ∂σ/∂T < 0, the droplet is attracted to the light illumination region, the hot zone, while it is repelled if ∂σ/∂T > 0.
Conventional thermocapillary devices typically use microfabricated electrical resistors to generate heat and temperature gradient for droplet transport, trapping, and sorting on trajectories of prepatterned structures [68, 69] . Optothermal capillary induces the Marangoni effect by localized laser heating at a droplet interface. This increases the local temperature and decreases the surface tension at the heated site. The light-induced surface tension gradient causes a droplet to move toward the colder region [54] . Optically induced thermocapillary forces have been used for demonstrating many droplet-based microfluidic phenomena. Baroud et al. showed the interfacial flow induced by a thermocapillary force at the water/oil interface (Figure 4(a) ) [70] . In the case of droplets carried by immiscible oil flow in microchannels (∂σ/∂T > 0), laser focusing at the front of a droplet causes a thermocapillary force to balance against the drag force from the hydrodynamic oil flow [70] . In addition, shaping a laser beam with holographic technology allows multidroplet patterning and merging [52] . Vincent et al. showed high-speed sorting and 100% sorting efficiency for droplets moving at speed up to 1.3 cm/s in microfluidic devices [53] . Recently, Ohta et al. have also reported droplet manipulation driven by the optothermal capillary effect on a light absorbing a-Si:H coated glass substrate using an optical projector [55, 71] .
Optothermal Cavitation Bubbles.
Laser-induced cavitation is a phenomenon caused by tightly focusing an intense laser pulse in water to generate a rapidly expanding vapor bubble through nonlinear optical absorption [72] . Figure 5 illustrates the principle of laser-induced plasma formation followed by the emission of shock wave and the generation of a cavitation bubble. When a laser pulse is intensively focused into a liquid medium, such as water, strong optical fields can breakdown water molecules and produce hot plasma at the focal point ( Figure 5(a) ). This hot plasma leads to an explosive vapor bubble that expand at high speed and collapse rapidly (Figures 5(b) and 5(c) ) [73] [74] [75] [76] [77] . The expansion speed of a laser-induced cavitation bubble is fast and can go up to hundreds of m/s within 1 μs. Such high-speed cavitation bubbles have been used in many microfluidic applications such as cell lysing [77] , microfluidic mixing [78] , pumping [79] , and switching [80] .
Park et al. have demonstrated a high-speed, on-demand droplet generation device using such ultrafast microfluidic flow triggered by pulse laser induced cavitation bubbles. This mechanism is called pulse laser driven droplet generation (PLDG) [56] . It enables on-demand water droplet generation in microfluidic channels at a speed up to 10,000 droplets/sec with less than 1% droplet volume variation. PLDG devices have a simple structure, consisting of only two channels, one for water and one for oil, connected by a nozzle-shaped opening in a single-layer PDMS microfluidic chip ( Figure 6 ). An intense laser pulse is focused in the middle of the water channel and induces a cavitation bubble to push water into the oil channel for droplet formation. By adjusting the laser energy and pulsing location, Park has demonstrated tunable droplet generation with volume ranging from 1 pL to 150 pL. Recently, Li et al. also utilized laser induced cavitation bubbles to trigger on-demand droplet fusion in microfluidic devices [57] .
Optoelectronic Droplet Actuation.
Electrokinetics is one of the most commonly used methods for manipulating small-scale particles and microfluidic flows. Electrowetting on dielectric (EWOD) and dielectrophoresis (DEP) are the most effective electrical based mechanisms for droplet manipulation. DEP manipulates droplets by patterning nonuniform electric fields. Droplets do not necessarily contact the electrodes [82] , while EWOD manipulates droplets by changing surface energy between droplets and the underneath dielectric material through electrostatic energy. It provides large actuation forces and fast responses [83, 84] .
Optical control of electrokinetic phenomena is usually through photoconductive materials. Light illumination on a photoconductive layer can generate virtual electrodes to locally modify electric field distribution, which in turn controls the local DEP or EWOD effects for manipulating droplets. Figure 6 : Schematic of a PLDG device that consists of two microfluidic channels connected by a nozzle-shape opening. A tightly focused laser pulse induces a rapid expanding bubble to push nearby water into the oil channel and form droplet. Reproduced with permission from [56] .
Optoelecrowetting (OEW).
EWOD is an effective method for manipulating microdroplets. It utilizes electrostatic energy stored in the dielectric layer between a water droplet and an electrode to change local surface tension and droplet contract angle. The difference of contact angle at edges of a droplet induces a net capillary force to actuate the droplet [84] . EWOD has been shown to be able to provide a complete droplet functions from droplet injection, transportation, merging, mixing, and splitting [12, [85] [86] [87] . Young-Lippmann equation describes that the relationship between the contact angle θ of a droplet and the local voltage across a dielectric layer between the droplet and the underlying electrodes [88] cos θ = cos θ 0 + 1 2γ
where θ 0 is the original contact angle, γ is the surface tension between the droplet and surrounding medium, ε 0 is vacuum permittivity, ε r is the dielectric constant, t is the thickness of the dielectric layer, and V is the voltage drop across a dielectric layer in the vertical direction at the three-phase contact line.
Advances in OptoElectronics Droplet actuation on EWOD devices is typically realized by electrical activation of pixilated physical electrodes. Optoelectrowetting (OEW) uses optical images to trigger local electrowetting effects either on patterned digital electrodes or on a featureless photoconductive thin film. OEW solves the issues of complex wiring and interconnection when a large number of electrodes or droplets need to be controlled in parallel without interference.
The concept of OEW was first reported by Chiou et al. [58, 59] . He demonstrated that all droplet manipulation functions including injection, transport, separation, and multidroplet manipulation could be achieved by light beam scanning on a photoconductive chip with tens of thousands of digital electrodes with only two electrical bias wires. Figure 7 shows the configuration of an OEW device and its equivalent circuit model of one unit cell. Each plate consists of patterned indium-tin-oxide (ITO) electrodes that are bridged by photoconductive hydrogenated amorphous silicon (a-Si:H). Silicon dioxide (SiO 2 ) and thin Teflon layers are deposited to provide dielectric and hydrophobic properties on top of the ITO electrodes. An AC bias with frequency at 500 Hz is used for optimal operation and a light beam causes voltage switching between the oxide capacitors (C oxide ) and the photoconductors (R asi ). In the absence of light illumination, the electrical impedance of R asi dominates and most voltage drops across the photoconductive bridges. Therefore, ITO electrodes cannot be activated and droplet contact angle does not change. When light illuminates the photoconductive bridges nearby a droplet, the electric conductivity of the photoconductive bridges increases and ITO electrodes are activated to induce electrowetting for droplet actuation.
Conventional OEW configuration has two main drawbacks. First, it requires a sandwich structure consisting of two glass substrates. This increases the difficulty of interfacing with other microfluidic components. Second, minimum droplet size that can be actuated is limited by the size of digital electrodes as in regular EWOD devices. To overcome these limitations, several different OEW configurations have been proposed. Chuang et al. reported an open OEW configuration enabling droplet actuation on a single-sided photoconductive surface [60] . This open configuration provides a flexible interface to allow easy integration, but the patterned pixilated electrodes still limit the controllable minimum droplet size. Chiou et al. proposed a continuous optoelectrowetting (COEW) that allows continuous transport of picoliter droplets sandwiched between two featureless photoconductive electrodes [61] , but it was faced with issues of device interfacing. Later Pei et al. reported the improved COEW device and showed more reliable fabrication that consequently enabled large array of manipulation of droplets [89] .
Park et al. demonstrated a single-sided continuous optoelectrowetting mechanism (SCOEW) to enable continuous, light patterned electrowetting on a featureless photoconductive surface [62] . Unlike conventional OEW, droplet actuation on SCOEW is based on optical modulation of lateral electric fields. Under uniform light illumination, the contact angle of an oil-immersed water droplet remains larger than 90
• on top of the hydrophobic surface. As shown in Figure 8 , the dark pattern illumination nearby the droplet locally increases the voltage drop across the dielectric layer. The decreased contact angle moves the droplet toward the dark region. SCOEW not only provides advantages of open configuration for easy integration and continuous manipulation to solve the size limitation issue but requires 3 orders of magnitude lower light intensity (∼400 μW/cm 2 ) for droplet actuation than other OEW devices (∼1 W/cm 2 ). This unique advantage allows SCOEW to be operated by directly positioning a device on top of a LCD, an iPhone or an iPad screen without any extra light sources or lenses. One major limitation of SCOEW is that it requires high voltage (a few kV) in actuation and optical control of droplet motion is less straightforward than conventional OEW.
Optoelectronic Tweezers (OET).
Another widely applied principle for droplet manipulation is dielectrophoresis (DEP). It refers to an electrostatic force exerted on a field induced electric dipole on a particle in a nonuniform electric field. This force can be approximated as [90] 
where p represents the dipole moment and E is the electric field. For a homogenous dielectric sphere, the well-known expression for DEP force is given by [91] 
where F dep represents the timeaverage of F dep , E rms is the root-mean square magnitude of the electric field, R is the particle radius, ε m and ε p are the permittivity of the surrounding medium and the particle, respectively, σ m and σ p are the electric conductivities of the medium and the particle, respectively, ω is the angular frequency of the applied electric field, and K * (ω) is known as the frequency dependent Clausius-Mossotti (CM). The real part of K * (ω) has a value, 0.5 ≤ Re[K * (ω)] ≤ 1.0, depending on the polarization of the medium and the particle at a certain frequency. In digital microfluidic devices where aqueous droplets are typically immersed in electrically insulating oil medium, Re [K * (ω)] has a positive value close to 1, aqueous droplets in oli experience positive DEP forces that move them toward the strong electric field regions.
Chiou et al. have demonstrated a mechanism called optoelectronic tweezers (OET) to allow light images to pattern non-uniform electric fields to induce DEP forces for microparticle [92] . OET was commonly used for manipulating particles suspended in aqueous media. Due to an electrical impedance matching issue, OET is not ideal to operate in air or in oil environment since the large electrical impedance of these media will take over most voltage even without light illumination and optical modulation of electric field is difficult in principle. In some special cases in which droplet sizes are close to the gap space between two electrodes, optical actuation could still be accomplished. Park's group achieved droplet manipulation in oil using a sandwiched OET platform integrated with microfluidic channels and showed the manipulation of picoliter droplets by optically induced DEP forces [63] . Park et al. have recently demonstrated a mechanism, called floating electrode optoelectronic tweezers (FEOET), specifically aiming for manipulating aqueous droplets suspended in electrically insulating oil and air media ( Figure 9 ) [64] . FEOET utilizes lateral electric field as in SCOEW. The device structure of FEOET and SCOEW looks similar except that the thickness of the dielectric layer between droplets and the photoconductive layer is different. In SCOEW, this layer has to be as thin as 1 μm to allow large contact angle modulation. In FEOET, this dielectric layer can be as thick as 1 mm. The operation principle of FEOET is based the electrostatic interactions between a droplet induced dipole and the light induced dipole on the photoconductive layer under the application of a lateral field across the entire device. Both FEOET and SCOEW devices require extremely low light intensity in droplet actuation (∼400 μW/cm 2 ) owing to the fact that in lateral electric field configuration, the virtual electrode is turned on as long as the light illumination can create a small photoconductivity difference between the illuminated and dark regions. This is different from other OET and OEW devices that require light to switch voltages between a photoconductor and a dielectric layer or a liquid layer. In other words, FEOET and SCOEW turn on virtual electrodes based on relative photoconductivity difference, not the absolute photoconductivity as in other devices. Using FEOET, Park has achieved transporting a 160-nL droplet at a speed of 85.1 μm/s using a light beam with an intensity of 400 μW/cm 2 . Since FEOET allows a thick dielectric layer on top of the photoconductive surface, it provides a flexible interface for integration with other microfluidic components such as microwells and microchannels [23] .
Recently, Valley et al. also reported an integrated platform enabling both COEW and OET manipulation on the same chip [22] . This platform allows light beams to manipulate not only droplets but also individual cells inside these droplets. They have demonstrated concentration enhancement of cells and single-cell encapsulation in droplet.
Conclusion and Prospectus
This paper reviews various optical manipulation methods that have been demonstrated so far for manipulating liquid Advances in OptoElectronics 9 droplets. These methods can be categorized into three types: (1) direct optical force, (2) optothermal, and (3) optoelectrical. Methods using direct optical forces can provide precise trapping of micrometer scale droplets in three dimensional spaces and are ideal tools for fundamental science studies. However, the high optical power requirement limits its throughput and applications in other areas.
Methods using optothermal effects can provide large forces for high-throughput and high-speed manipulation. Localized optical heating can generate temperature gradient to change surface tension, which is the dominating force in the micrometer scale, for droplet manipulation via the Marangoni effect. Optothermal actuation can also be accomplished by using intense short laser pulses to induce explosive cavitation bubbles which can generate large and transient pressure for high-speed microfluidic actuation. This novel actuation phenomenon has been utilized to demonstrate ondemand droplet injection up to 10,000 droplet/sec and ondemand droplet fusion.
Methods using optoelectrical effects could potentially provide a high throughput platform via massively parallel processing a large number of droplets across a large area. The major difference between optoelectrical from optothermal or direct optical force is that the optical energy is used to switch on electrical driving force to drive droplet motion, while in direct optical forces or in optothermal, the optical energy is directly used to power the droplet movement. This allows opto-electrical methods to actuate droplets with much lower optical power and induce minimum optical heating effect across a large area.
Optical methods for droplet manipulation are an emerging field that has already shown great promises for many applications. It provides several unique advantages that are difficult to achieve with other methods. It provides 3D addressing capability without the need of any physical electrical or mechanical interconnects that can be difficult to fabricate. Second, optical methods can deliver the highest energy density far beyond any other physical mechanisms can possibly achieve. If such energy can be properly converted into actuation forces through clever engineering designs, it can realize many novel high-speed droplet manipulation functions. Third, optical addressing provides a method to realize massively parallel droplet manipulation on a low cost and disposable platform.
Despite many promising potential applications for this technology, there are still many challenges that need to be overcome. First, many of the optical experiments still require bulky optics and lasers. Miniaturization of optical systems is critical to reduce footprint size of the integrated system, which is important for broadening future applications. A portable integrated system would be the goal. Most of the optical methods presented are enabling technologies that have to be integrated with other subsystems for real applications. Solving the interfacing issues will also be important. With the rapid progresses in photonics and optoelectronics, low-cost, compact, and high-power light sources, switches, and other components can be realized. More fundamental studies and research efforts need to be put on finding more novel and useful optical actuation mechanisms that have higher optical energy conversion efficiency to droplet manipulation, lower optical power requirement, more reliable devices and materials, and mechanisms that can be easily interfaced with other subsystems such as microfluidic devices.
